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The cerebellum is a highly conserved structure which exhibits patterns of gene expression and axonal connections that are
organized into parasagittal domains. These aspects of the mature cerebellum are presaged during embryonic development
by the expression patterns of vertebrate homologs of Drosophila segmentation genes. We wished to determine whether the
parasagittal domains of gene expression are compartments of lineage restriction. To this end, a clonal analysis of the chick
cerebellum was conducted with a complex retroviral library. From embryonic day (E) 8 to E12, clones derived from the more
medial portion of the cerebellar ventricular zone (VZ) were observed to spread preferentially in the mediolateral direction,
crossing the boundaries of the parasagittal domains of gene expression. In late embryonic and posthatch periods, VZ clones
were found to comprise Purkinje cells, glial cells, or both types of cells. At these later times, clonally related glial cells
formed tight parasagittal clusters, while clonally related Purkinje cells were scattered extensively in the anteroposterior
direction. We propose that a subset of the cerebellar VZ clones, those with medial origins, undergoes a biphasic dispersion:
an early phase of mediolateral dispersion and a late phase of anteroposterior dispersion. This novel pattern of clonal
dispersion suggests that the cerebellar VZ is not partitioned into parasagittal domains of lineage restriction. It leaves open
the possibility that the later dispersion along the anteroposterior axis results from the parasagittal patterns of gene
expression in the developing cerebellar cortex. © 1999 Academic PressKey Words: lineage; retrovirus; chick embryo; cerebellum; segmentation; migration; Purkinje cell; glia.
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The cerebellum is a conserved portion of the vertebrate central
nervous system (CNS) that has long been appreciated for its
highly complex but orderly organization (Altman and Bayer,
1997; Butler and Hodos, 1996; Jansen, 1969; Ramon y Cajal,
1911). The cerebellar cortex is laminated, comprising laminae
of granule cells, Purkinje cells, and molecular layer neurons
(basket cells and stellate cells). Scattered throughout these
neuronal layers are glial cells, including a specialized class of
glial cells, Bergmann glia. The axons traveling to and from the
cerebellar cortex comprise the white matter (WM) of the cer-
ebellum. Encapsulated within the WM are the deep cerebellar
nuclei, which relay information from Purkinje cells to diverse
areas of the CNS to mediate functions such as motor coordi-
nation and motor learning (Raymond et al., 1996).
The development of the intricate structure of the cere-
bellum involves multiple steps of neurogenesis and cellular
migration (Hatten and Heintz, 1995; Altman and Bayer,
1997; Feirabend, 1990). Cell fate mapping using the chick–
quail chimera technique showed that the cerebellum has a
a
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All rights of reproduction in any form reserved.ual origin: it is derived from both the mesencephalic and
he metencephalic vesicles (Martinez et al., 1989; Hallonet
t al., 1990). More precisely, cerebellar granule cells are
erived from the dorsal margin of the metencephalic vesi-
le, the rostral part of the rhombic lip, whereas all the other
erebellar cells are derived from the more typical ventricu-
ar zone (VZ) of the fourth ventricle (Hallonet et al., 1990;
tero et al., 1993; Ryder and Cepko, 1994; Zhang and
oldman, 1996). The next question, then, is whether the
erebellar VZ-derived cells are generated by multipotent
rogenitors, similar to those found elsewhere in the CNS
Cepko et al., 1997). Recently, using intragenic recombina-
ion to generate clones in which only neurons expressed
acZ, Mathis and colleagues observed many clones compris-
ng the molecular layer interneurons, Purkinje cells, Golgi
ype II neurons, and the neurons in the deep cerebellar
uclei in the mouse cerebellum (Mathis et al., 1997). It was
ot shown, however, whether cerebellar VZ progenitors
ould generate both neurons and glia. The current study
nswers this question. Clones marked by a retroviral library
ere found to contain both Purkinje cells and glia.
177
1
p
a
p
m
m
c
c
o
m
D
p
d
t
t
p
t
g
p
a
T
S
c he de
c tions
178 Lin and CepkoAnalysis of gene expression patterns and axonal projection
topography in the cerebellar cortex of diverse species has re-
vealed a parasagittal organization. The cerebellar cortex is
organized as multiple parallel domains running orthogonal to
the transverse folia (Hawkes and Mascher, 1994; Herrup and
Kuemerle, 1997). These adult parasagittal patterns are pre-
ceded by the expression of several homologs of Drosophila
segmentation genes (e.g., En-1, En-2, Wnt-7b, Pax-2) in para-
sagittal stripes of the embryonic mouse and chick cerebellum
(Millen et al., 1995; Lin and Cepko, 1998). This raised the
possibility that a similar mechanism might be used during the
parasagittal patterning of the vertebrate cerebellum and the
segmentation of the Drosophila embryo (Millen et al., 1995).
In Drosophila embryos, a series of repetitive expression pat-
terns of pair-rule and segment-polarity genes in large part
defines the parasegments. The identity of each parasegment is
maintained by a special cell surface property such that cells in
neighboring parasegments do not intermingle. Due to this
property, each parasegment is considered a “lineage restric-
tion (or polyclonal) compartment” (Crick and Lawrence, 1975;
Lawrence and Struhl, 1996). Subsequent studies revealed sev-
eral similarities between the segmentation of the chick hind-
brain and that of the Drosophila embryo. The hindbrain ex-
hibits alternating patterns of gene expression and, to a large
extent, the lineage restriction compartments (Fraser et al.,
990; Lumsden and Krumlauf, 1996). Since the cerebellum is
artly derived from the rostral hindbrain (Hallonet et al., 1990)
nd exhibits parasagittal stripes of gene expression, it was
ossible that the parasagittal domains of the cerebellar cortex
ight be generated by similar lineage restriction compart-
ents.
To determine the dispersion of cerebellar VZ clones, we
onducted a clonal analysis of the chick cerebellum using a
omplex retroviral library, CHAPOL (Golden et al., 1995). We
bserved that a subset of the VZ clones spread widely in the
ediolateral plane by E8–12 when several homologs of the
rosophila segmentation genes were expressed in narrow
arasagittal stripes. Later, Purkinje cells of the VZ clones
ABLE 1
ummary of Clonal Analysis from E7.5 to E15
Time of harvest No. of Cerebella MEL (medio
E7.5–8 14 3 (0)
E8.5 9 8 (2)
E9–9.5 12 9 (7)
E10–10.5 10 2 (1)
E11–12 17 2 (1)
Subtotal 62 24 (11
E14–15 22
Note. Summary of the number of cerebella and of each VZ clon
onfirmed by PCR and sequencing are in parentheses. See text for t
lones from E7.5 to E12. See text also for the morphological distincispersed extensively in the parasagittal plane in the presump-
ive cerebellar cortex, while clonally related glial cells tended t
Copyright © 1999 by Academic Press. All righto form relatively tight clusters aligned in the parasagittal
lane. These results suggest a novel, biphasic dispersion pat-
ern of some cerebellar VZ-derived clones and the violation of
ene expression domains during the first phase of clonal dis-
ersion.
MATERIAL AND METHODS
Clonal Analysis Using the Retroviral Library,
CHAPOL
Fertilized White Leghorn chick eggs were purchased from
SPAFAS (Norwich, CT). A detailed description of the CHAPOL
library was given in Golden et al. (1995) and Golden and Cepko
(1996). Briefly, the CHAPOL library is a mixture of replication-
defective retroviruses which encode the human placental alkaline
phosphatase. Each member in the library also carries a distinct
24-bp insert. Concentrated CHAPOL viral stocks were injected
into the neural tube of chick embryos between stages 10 and 16.
Eggs were sealed and returned to the incubator until the day of
harvest, from E7.5 through P21 (Tables 1 and 2). The cellular
morphology was revealed by AP histochemistry, which was carried
out for 16 to 48 h. In a series of preliminary experiments, we found
that many labeled cerebellar glial cells could be detected within
2–4 h of staining, while labeled Purkinje cells and other neurons
could not be detected until at least 16 h of staining. Each individual
AP1 cell or cluster of AP1 cells was picked from the tissue sections
(each called a “pick”). The distinct 24-bp oligonucleotide insert in
each viral genome was amplified and sequenced for clonal assign-
ment as previously described (Golden and Cepko, 1996). Because
the efficiency of recovering the viral tag sequences from single cells
was low (32%, see Results), the extent of clonal dispersion and
composition was underestimated. In order to appreciate the full
extent of cerebellar clones, we also analyzed the cerebella that
contained a relatively small number of labeled cells, presumably
due to a low number of infectious events. We found one or just a
few tag sequences from each of these cerebella. It was thus likely
that many of the AP1 cells that did not yield a PCR product were
lso siblings of the AP1 cells that did yield a PCR product.
To avoid underestimating the clonal boundaries caused by the
loss of AP expression by retrovirally infected cells, tissue fragments
al) Radial (R) Widespread Restricted
4 (0)
12 (2)
17 (9)
11 (4)
6 (2)
50 (17)
6 (3) 5 (3)
e analyzed at different embryonic stages. The numbers of clones
scription of morphological characteristics of “MEL” clones vs “R”
between “Widespread” clones and “Restricted” clones at E14–15.later
)
e typwithout AP1 cells were routinely sampled and analyzed for poten-
ial nonexpressing, or “silent,” viral genomes (Golden and Cepko,
s of reproduction in any form reserved.
179Clonal Dispersion in Chick CerebellumTABLE 2
The Characteristics of the Early Clones
Brain Inject Harvest EGL clone VZ clone, radial (R) VZ clone, mediolateral (MEL) DCN
1 St. 10 E7 EGL DCNs
2 St. 10 E7.5 1 small, near midline
3 St. 10 E8 1 small w/axons
4 St. 10 E8 EGL 1 small 1 DCN
5 St. 10 E8 EGL 1 small w/axons
6 St. 10 E8 1 small
7 St. 10–11 E8 1 small w/axons
8 St. 9–10 E8 1 posterior w/axons
9 St. 10 E8–9 1 anterior lateral
10 St. 10 E8–9 1 lateral 1 MEL
11 St. 10 E8–9 1 small near midline 1 DCN
12 St. 10 E8–9 2 R 2 MEL
13 St. 10 E8–9 1 anterior lateral 1 DCN
14 St. 10 E8–9 1 posterior medial
15 St. 11 E8–9 EGL 2 R 1 MEL
16 St. 11 E8–9 16-1 16-4 16-3 16-2
16-6 16-7 16-5
17 St. 11 E8–9 EGL 1 MEL
18 St. 10 E8–9 EGL 1 w/glial fiber DCNs
19 St. 10 E8–9 1 R
20 St. 10 E9 20-1: small 20-2
21 St. 10 E9 1 medial, 1 lateral
22 St. 10 E9 22-1
23 St. 10–11 E9–10 EGL 1 lateral DCNs
24 St. 11 E9.5
25 St. 12 E9.5 25-1 25-3 25-2
26 E9.5 26-1: lateral
26-2
26-3
26-4
26-5
27 St. 12 E9.5 27-1
28 St. 13 E9.5 EGL 1 small 1 DCN
29 St. 13 E9.5 29-3: posterior 29-1
29-2
30 St. 15–16 E9.5 2 small
31 St. 12 E9.5 31-1: small
32 St. 11 E10 1 R DCNs
33 St. 12 E10 EGL DCNs
34 St. 11 E10 2 R
35 St. 11 E10 EGL 2 R
36 St. 10 E10 36-1
37 St. 10 E10–11 37-1: lateral
3 R
38 St. 10 E10–11 EGL Cells w/o glial fiber
39 St. 10 E10–11 1 lateral
40 St. 10 E10–11 1 lateral
41 St. 10 E11 EGL 1 large, glia in WM 1 DCN
42 St. 10 E11 DCNs
43 St. 10 E11 43-1: small
44 St. 10 E11 1 lateral
45 St. 10 E11 Glia in lateral WM
46 St. 10 E11 46-1: lateral
47 St. 10 E11–12 EGL 1 MEL: lateral DCNs
48 St. 10 E11–12 EGL DCNs
49 St. 10 E11–12 Glia in WM
50 St. 10 E11–12 EGL DCNs
51 St. 12 E12 1 MEL
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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180 Lin and Cepko1996). In most cerebella, no silent genomes were recovered, while
in others up to 30% of such picks yielded viral genomes. In a pilot
experiment, we analyzed a highly infected cerebellum and recov-
ered 119 distinct sequence tags or clones, including 6 silent clones.
Of these 6 silent clones, 5 of them scattered widely across the
cerebellum and included some AP1 siblings. When some AP1 cells
hared the same viral sequence with a large silent clone, these AP1
cells were excluded from analysis. Also excluded from the analysis
were the rare exceptions of contamination by PCR products gen-
erated in previous sets of experiment.
RNA in Situ Hybridization
The chick probes for in situ hybridization were as follows: Shh
Riddle et al., 1993), Gli-2/4 (originally the chick Gli-3 in Marigo et al.,
TABLE 3
Summary of Clonal Analysis at E18–P21
No. of
cerebella Time of injection Time of harvest
N
61 Stage 12–16 P21
62 Stage 12–16 P21
63 Stage 12 E18
64 Stage 12 E18
65 Stage 12–16 P14
66 Stage 16 E20
67 Stage 12–16 P4
68 Stage 10 E18
69 Stage 10 E18
Total
Note. No. of cell picks, the total number of cell picks analyzed
f clones (i.e., unique viral tags) recovered from each cerebellum.
TABLE 2—Continued
Brain Inject Harvest EGL clone VZ
52 St. 10 E14 1
53 St. 11 E14
54 St. 11 E14
55 St. 12 E14 1
56 St. 10 E14 1
57 St. 10 E14 1
58 St. 10 E15 5
59 St. 10–11 E15
60 St. 12 E15 6
Note. The characteristics of the clones analyzed from E7.5 to
represented by clone names, such as 25-3 and 60-1. The relative po
Fig. 3, except clones harvested at E14 or 15. For the definitions
widespread clones (E14–15), please see text. Abbreviations: DCN,
Pkj, Purkinje cell; R, radial; WS, widespread.erebellum. No. of PCR1 Pkj cells, the number of Purkinje cell picks th
355 (32%) individually picked Purkinje cells were PCR positive.
Copyright © 1999 by Academic Press. All right996, now reassigned as the chick Gli-2/4 by Borycki et al., 1998),
Bmp-7 (Oh et al., 1996), EphA5/Cek-7 (Sajjadi and Pasquale, 1993),
and En-1 (Noramly et al., 1996). Whole-mount in situ hybridization
procedures were carried out as previously described (Riddle et al.,
1993) with the following modification. Dissected E9 chick brains
were treated with a high concentration of proteinase K (20–40 mg/ml)
for 15–25 min at room temperature to enhance probe penetration. In
situ hybridization of tissue sections was carried out on 10- to 20-mm
cryosections of E9 chick cerebella according to Austin et al. (1995).
Immunohistochemistry
The primary antibodies were used at the following dilutions: anti-
calbindin (1:1000; Sigma), Pax6 antibody (1:20; Developmental Stud-
ies Hybridoma Bank), anti-vimentin H5 (1:100; DSHB), and anti-
cell
s
No. of
clones
No. of Pkj
cell picks No. of PCR1 Pkj cells
1 6 2
1 7 3
28 42 14
4 8 1
2 18 10
12 46 15
19 41 13
1 131 37
4 56 19
72 355 114
32%
viral genome in each cerebellum. No. of clones, the total number
of Pkj cell picks, the total number of Purkinje cell picks in each
, radial (R) VZ clone, mediolateral (MEL) DCN
ttal glia 1DCN
Glia, Pkj’s
54-1: Pkj ;116
ttal glia 1 WS
ral glia
ttal 1 WS
sagittal
59-1: Pkj ;130
59-2: 1 Pkj 1 1 glia
glia
are listed. Only those clones identified by PCR sequencing are
ns of VZ origins of those sequence-identified clones are shown in
dial/mediolateral clones (between E7.5 and E12) and restricted/
cerebellar nuclei; EGL, external granule layer; WM, white matter;o. of
pick
9
7
187
49
40
110
226
140
60
828
for a
No.clone
sagi
sagi
late
sagi
8-1:
0-1:
E15
sitio
of raat yielded a PCR sequence for clonal identification. In all, 114 of
s of reproduction in any form reserved.
l
1
t
m
p
s
b
e
e
r
t
p
p
c
181Clonal Dispersion in Chick Cerebellumneurofilament Nc270.7 (1:200; DSHB). Following AP histochemistry
for staining retrovirally infected cells, the 60-mm cryosections were
thoroughly washed several times with distilled water and the immu-
nohistochemistry was performed using the Vectastain Elite kit (Vec-
tor) according to the manufacturer’s instruction.
RESULTS
PCR-Based Clonal Analysis of the Chick
Cerebellum
TABLE 4
Summary of Clones in Brains Containing Many AP1 Cells through
Note. Clones listed here were found in cerebella containing ma
roduct could not be assigned to any clone and are not included in
arentheses. Abbreviations: IGL, inner granule layer; Pkj, Purkinje
ell; PG, Purkinje cell and glia; g, granule cells; D, deep cerebellar
a See Fig. 9B for a 2D representation of these clones.
b See Figs. 8A–8M for selected sections of these clones.
c See Figs. 8N–8Q for selected sections of these clones.
Cerebellum Clone Clonal composition
66 66-PG1a 2 Pkj cells 1 1 glial cluster (;10)
66-PG2 2 Pkj cells 1 1 glial cluster (50–100)
66-PG3 1 Pkj cell 1 1 glial cluster (30–50)
66-G1 1 cluster of glia (;10)
66-G2 2 astrocytes in central WM
66-G3 4–5 astrocytes 1 1 cell in VZ
66-G4 1 glial cluster (;10) 1 2 cells in WM
66-G5 1 glial cluster (30–50) 1 cells in WM
66-U1 1 cell in VZ
66-H1 1 astrocyte in hindbrain
66-H2 1 astrocyte in hindbrain
66-H3 1 astrocyte in hindbrain
67 67-P1 1 Pkj cell
67-P2a 2 Pkj cells
67-P3 1 Pkj cell
67-P4 1 Pkj cell
67-P5 1 Pkj cell
67-PG1a 2 Pkj cells 1 1 glial cluster (.200)
67-PG2a 1 Pkj cell 1 1 glial cluster (20–40)
67-PG3 1 Pkj cell 1 1 glial cluster (3–5)
67-PG4 1 Pkj cell 1 1 glial cluster (10–20)
67-G1 1 glial cluster (20–40) 1 cells in WM
67-G2 1 astrocyte in WM
67-G3 1 glial cluster (2–4)
67-G4 1 astrocyte in WM
67-G5 1 glial cluster (150–200)
67-G6 1 glial cluster (2–4)
67-G7 2–4 astrocytes in IGL
67-U1 1 cell in central WM
67-U2 1–2 cells in WM
67-H1 1 astrocyte in hindbrainTo mark clones of cells derived from the cerebellar VZ,
we injected concentrated stocks of the CHAPOL retroviral
o
w
Copyright © 1999 by Academic Press. All rightibrary into the chick neural tube primarily between stages
0 and 12 (Tables 1–5), prior to the onset of neurogenesis in
he cerebellum (Hanaway, 1967). The choice to infect the
ajority of the embryos at these stages was based upon
reliminary data. The first series of cerebella that were
tudied were those that were infected either at stage 10 or
etween stages 12 and 16 and then harvested at late
mbryonic and posthatch stages (Tables 3–5). In these
xperiments, we found that infection at the later stages
esulted in clones with many fewer Purkinje cells than
hose initiated at an earlier stage. Typically, there were only
the Cerebellum
P1 cells throughout, so those AP1 cells that did not yield a PCR
list. Estimated number of cells in each glial cluster shown in the
Z, ventricular zone; WM, white matter. Clone names: P, Purkinje
ei neuron, G, glia; U, unidentified cell; H, hindbrain cell.
Cerebellum Clone Clonal composition
63 63-P1a 2 Pkj cells
63-P2 1 Pkj cell
63-P3a 3 Pkj cells
63-P4 1 Pkj cell
63-P5 1 Pkj cell
63-P6 1 Pkj cell
63-P7 1 Pkj cell
63-P8 1 Pkj cell
63-PG1 2 Pkj cells 1 1 glial cluster (3–5)
63-PG2 1 Pkj cell 1 1 glial cluster (10–20)
63-G1b 2 glial clusters (50–100)
63-G2b 1 glial cluster (50–100, 1 VZ origin)
63-G3b 1 Bergmann glial cell
63-G4 1–2 Bergmann glial cells
63-G5 1 glial cluster (2–4)
63-G6b 1 glial cluster (10–20)
63-G7 3 astrocytes in WM
63-G8 1 glial cluster (10–20)
63-G9 1 astrocyte close to VZ
63-G10 2–4 astrocytes in WM
63-G11 1 astrocyte in cerebellar peduncle
63-G12 1 glial cluster (10–20)
63-G13 1–2 astrocytes close to VZ
63-G14 1 glial cluster (10–20)
63-G15 1 glial cluster (2–3)
63-D1 1 deep nuclei neuron
63-g1 Granule cells
63-g2 Granule cells
64 64-G1 1 glial cluster (20–30)
64-PG1 1 Pkj cell 1 1 glial cluster (10–20)
64-G2c 1 glial cluster (.200, 1 VZ origin)
64-g1c Granule cellsout
ny A
this
cell; V
nuclne or two Purkinje cells in the majority of the clones that
ere initiated between stages 12 and 16. Such a small
s of reproduction in any form reserved.
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182 Lin and Cepkonumber of Purkinje cells provides very little information
regarding the dispersion of cerebellar VZ clones (Tables 4
and 5). To generate larger clones suitable for assessing the
clonal dispersion of VZ-derived cells, the remaining ani-
mals in this study were infected between stage 10 and stage
12 (Tables 1 and 2). Stages 10–12 of the chick embryo
correspond approximately to the mouse embryonic day 8–9
according to the overall morphological features as well as
the gene expression patterns around the midbrain–
hindbrain junction (Hamburger and Hamilton, 1951; Bally-
Cuif and Wassef, 1995).
CHAPOL encodes human placental alkaline phosphatase
and a library of 24-bp oligonucleotide tags (Golden et al.,
995). Infected cerebella were analyzed successively from em-
ryonic day 7 (E7) up to posthatch day 21 (P21) first by whole-
ount alkaline phosphatase (AP) histochemistry to appreciate
he global distribution of AP1 cells. Frozen sections were then
repared and further stained using AP histochemistry for lo-
alization and identification of AP1 cells (see Material and
ethods). AP1 cells picked from tissue sections were sub-
jected to PCR to amplify the oligonucleotide tags in the ret-
roviral genomes, and the amplified tags were sequenced for
clonal identification. Because of the high complexity and even
representation of CHAPOL (Golden et al., 1995), clones were
defined as cells bearing the same tag sequence. To date, more
than 650 distinct tags have been recovered following infection
with the original CHAPOL stock in this and previous exper-
iments (Golden and Cepko, 1996; Golden et al., 1997; Szele
and Cepko, 1996, 1998), without recovery of the same tag
from more than one independent infection. These values lead
to a predicted complexity of .105 members with an approxi-
ately equal representation in CHAPOL (Walsh et al., 1992).
TABLE 5
Summary of Clones in Cerebella Containing a Small Number of C
No. of
cerebellum Distribution of AP1 cells Total n
61 All within 4 adjacent sagittal sections 6 Pk
62 All within 5 adjacent sagittal sections 7 Pk
65 All in folia I and II 18 P
9 M
3 GI
Man
68 All in one hemicerebellum 131
Man
69 All in one hemicerebellum 56 P
Note. Because of the small number of unique sequences recovered
that did not yield a PCR product are likely to be siblings of cells th
GII, Golgi type II neuron. For a 2D representation of these clones,Here we focus on the analysis of the cerebellar VZ clones
y presenting the results observed from tissue harvested
t
Copyright © 1999 by Academic Press. All righturing three time intervals: (1) E8–12, (2) E14–15, and (3)
18 –posthatch period. Although many granule cell-
ontaining clones were observed in these experiments, so
ar they have not been found to be lineally related to the
ther cerebellar cells (J.L. and C.C., submitted for publica-
ion; also see below). This is consistent with the notion that
he rhombic lip becomes restricted to the generation of EGL
ells very early in development (Alder et al., 1996).
A Subset of the Cerebellar VZ Clones Spread
Mediolaterally across Parasagittal Boundaries
by E8–12
Chick embryos were injected with CHAPOL in the
neural tube between stages 10 and 12 and were harvested
between E7.5 and E12. Sixty-two embryos were found to
contain AP1 cells in the midbrain and/or hindbrain region
n whole-mount staining and were further analyzed (Tables
and 2). Most of the cerebellar AP1 cells were found to
orm clusters that appeared to emanate from one or more
losely associated columns in the VZ (Figs. 1 and 2). Fifty
lusters were restricted with respect to the mediolateral
pread (Fig. 1). Several tissue fragments were picked and
nalyzed for each cellular cluster. Since AP1 cells were
losely associated in these putative clones, inevitably mul-
iple cells were picked in each tissue fragment (referred to
s a “pick”) and analyzed together, yielding a very high
fficiency of PCR and sequencing (60–70% per pick). Sev-
nteen potential clones were analyzed by sequencing the
iral genomes in multiple picks. In each case, the potential
lones were confirmed to be a clone. These clones were
s
AP1 cells PCR1 cells
Unique
sequence Clonal composition
L, 1 GII 2 Pkj 1 2 Pkj
3 Pkj 1 3 Pkj
10 Pkj 7.18 7 Pkj, 3 M, 1 GII,
glia
3 M 7.21 3 Pkj, 1 GII, glia
1 GII
Many
GII 37 Pkj 1 37 Pkj, glia
l cells Many glia
19 Pkj 9.6 16 Pkj
9.4 1 Pkj
9.13 1 Pkj
9.15 1 Pkj
the restricted spatial distribution of these clones, many of the cells
id. Abbreviations: Pkj, Purkinje cells; M, molecular layer neurons;
ig. 9.lone
o. of
j, 2 M
j
kj
I
y glia
Pkj, 1
y glia
kj
andhus called “radial clones,” or “R clones” (Table 1). The R
clones were found to originate primarily, though not exclu-
s of reproduction in any form reserved.
ve
w
s
e
c
t
p
3
(
d
i
s
c
p
c
s The
i r VZ
183Clonal Dispersion in Chick Cerebellumsively, from the lateral and the posterior portions of the
cerebellar VZ (Figs. 1A, 1E, and 1I; clones a–l in Fig. 3).
Another 24 clusters had the tendency to spread in the
mediolateral dimension (Figs. 2–4). Eleven of these poten-
tial clones were analyzed for the viral genomes in multiple
picks per cluster. Again, multiple cells were often analyzed
in one pick with the result that each potential clone was
confirmed to be a clone (Tables 1 and 2). We randomly
surveyed the AP2 areas around these clones by PCR for
silent viral genomes (see Material and Methods). We did not
find the same viral DNA tag in the surrounding areas except
FIG. 1. A subset of the early cerebellar VZ clones is restricted in its
in cerebella harvested at E8–10.5 visualized by whole-mount AP hist
he chick cerebellum harvested at E8–10.5 (B–D, F–H, J–M). Dorsal i
ortion of cerebellum 8 (harvested at E8). (B–D) Consecutive 60 mm cor
4 (E10), shown in the order from rostral to caudal. The midline is to th
black arrow in D). (E) A radial clone (black arrow) found in the poste
ue to the fact that most of the AP1 cellular processes did not extend t
three levels of coronal sections shown in F–H. (F–H) Serial 60-mm cor
n the order from rostral to caudal levels (indicated by black lines an
ections. The midline is to the right of each. This clone was fairly re
audal portion of the cerebellar VZ (black arrow in H). (I) Dorsal obl
osterior, lateral portion of cerebellum 37 (E10.5). The line and letters
oronal sections of the clone indicated by the black arrow in I. In the
ection is 60-mm apart from the neighboring sections that are shown.
n K–M) was located at the caudal and lateral portion of the cerebellafor 1 clone (in cerebellum 36), which included an AP2 pick
ery close to the AP1 cells of the clone. These control
Copyright © 1999 by Academic Press. All rightxperiments indicated that the appearance of these clones
as not due to an orientation-selective loss of AP expres-
ion within such clones. Thus, these clones spread prefer-
ntially in the mediolateral dimension. One unusual clone
omprised two subclones, separated by approximately 120
mm along the A–P axis, with each subclone spreading me-
diolaterally (clone 16-3, and clone m in Fig. 3; see the white
arrows in Fig. 2C). These mediolaterally spreading clones,
termed “medio-lateral clones,” or “MEL clones,” were of
interest because they tended to spread orthogonal to the
parasagittal expression patterns of several genes, including
iolateral spread (the radial clones). Dorsal view of VZ-derived clones
istry (A, E, I). Rostral is to the top. Serial 60-mm coronal sections of
he top. (A) A radial clone (black arrow) found in the posterior lateral
sections of a radial clone in the posterior lateral portion of cerebellum
t in each. The clonal origin in the VZ was located at a caudal position
ortion of cerebellum 21 (E8.5). The fuzzy appearance of this clone is
dorsal surface of the cerebellum. The black lines and letters indicate
sections of the radial clone indicated by the black arrow in E. Shown
ters in E), each section in F–H is 60 mm apart from the neighboring
ted in the mediolateral spread and the clonal origin was located at a
view of two radial clones (black arrow and arrowhead) found in the
cate four levels of coronal sections shown in J–M. (J–M) Serial 60-mm
from rostral to caudal as indicated by the lines and letters in I, each
midline is to the right of each. The origin of this clone (black arrows
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orderBmp-7, En-1, EphA5/Cek-7, Delta-1, Gli-2/4, and Shh (Figs.
2F–2K). As each of the molecularly defined stripes was quite
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184 Lin and Cepkonarrow at E9, the MEL clones often straddled more than one
parasagittal stripe of gene expression (compare Figs. 2C–2E
with 2F–2K). In contrast to the lateral/posterior location of
the R clones (dots a–l in Fig. 3), the MEL clones were found
almost exclusively in the medial/anterior portion of the
cerebellum (dots m–t in Fig. 3).
Each of the MEL clones contained multiple, closely
FIG. 2. Orientation of the MEL clones is perpendicular to the p
rostral to the top. (A–E) Chick cerebella infected with CHAPOL an
B) Two small clones, located close to the midline, seemed to spread
(arrowhead, 16-7) and one clone consisting of two MEL subclones (ar
close to the midline, spread mediolaterally to form the MEL clones
the rostrocaudal levels of selected coronal sections of these two c
E8.5–9.5 chick cerebella analyzed by whole-mount in situ hybr
phA5/Cek-7 (I), Delta-1 (J), or Gli-2/4 (K). All of the gene expres
nterior to posterior. The apparent interruptions in the medial paras
o inadequate probe penetration at the sites of the emerging tra
arasagittal stripes are relatively narrow (especially the medial strip
clones can span across several parasagittal domains of gene expresassociated columns in the medial half of the VZ in a
hemicerebellum (arrowheads in Figs. 4B, 4C, 4F, 4G, and
(
p
Copyright © 1999 by Academic Press. All rightK), most likely the clonal origin. Much of the mediolateral
ispersion of the MEL clones was found to be due to the
ediolateral deviation of radial glial fibers as they coursed
rom the VZ origin to the pial surface (white arrows in Figs.
B–4D, 4G–4I, and 4K). In addition, the MEL clones were
ssociated with many neuronal processes projecting away
rom the midline, often in parallel to the ventricular surface
gittal patterns of gene expression. Dorsal views of cerebella with
ined for AP histochemistry at E8 (A, B), E8.5 (C), or E9 (D, E). (A,
rally (arrows) in cerebella 3 and 7, respectively. (C) One MEL clone
, 16-3) were found in cerebellum 16. (D, E) Two clones, also located
ws) in cerebella 20 and 22, respectively. Lines and letters indicate
shown in Figs. 4A–4D and 4F–4I, respectively. (F–K) Uninfected
tion for the RNA expression of En-1 (F), Shh (G), Bmp-7 (H),
domains shown here run in the parasagittal direction, i.e., from
al domains of En-1 (F), Shh (G), and Bmp-7 (H) expression were due
rse foliation. Compared to the MEL clones (C–E), many of the
Shh (G), Bmp-7 (H), and EphA5/Cek-7 (I)), suggesting that the MELarasa
d sta
late
rows
(arro
lones
idiza
sion
agitt
nsveblack arrows in Figs. 4A, 4B, 4F, 4M). Cellular processes
arallel to the VZ surface could be detected only with a
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185Clonal Dispersion in Chick Cerebellumneuronal marker, anti-neurofilament antibody Nc270.7,
but not with a glial marker, anti-vimentin antibody H5
(data not shown), suggesting that those in the MEL clones
were neuronal processes. Purkinje cells and the deep cer-
ebellar nuclei (DCN) neurons are the only two types of
projection neurons in the cerebellum, so they were the only
cell types that could bear processes of the type found in the
MEL clones. By E10, some AP1 cell bodies in the MEL
lones were observed in the developing cerebellar cortex.
FIG. 3. The differential distribution of VZ origins of the clones
ith distinct early dispersion patterns. This is a 2D schematic
epresentation of the approximate relative position of origins for
lones that were infected between stage 10 and stage 12, harvested
etween E8 and E10, and identified by PCR sequencing the viral
enome. The position of a clonal origin was mapped on the basis of
he whole-mount specimen and the coronal sections. Each clone is
enoted by a letter in the map, and the clone names are listed
eneath the diagram. All of the clones shown are listed in Table 2.
ote that clone 16-3 (m) is the only clone comprising two VZ
lusters separated by as far as 120 mm (also see text and Fig. 2C).
he radial clones (R clones), shown as a–l on the left, originate
rimarily from the lateral and the posterior/caudal portion of the
erebellar VZ. In contrast, the mediolateral clones (MEL clones),
hown as m–t on the right, originate almost exclusively from the
edial portion of the cerebellar VZ.hey had an oval cell body associated with a basal axonal
rocess, consistent with the morphology of developing
Copyright © 1999 by Academic Press. All righturkinje cells (white arrows in Figs. 4K and 4L). In contrast,
CN neurons were located in the presumptive WM and had
tar-shaped cell bodies bearing dendritic processes (arrow-
ead in Fig. 4M). Furthermore, the processes parallel to the
Z surface could be traced only up to the border between
he cerebellar anlage and the ventral hindbrain region (Figs.
A and 4M and data not shown), also consistent with the
dentity of Purkinje cell axons as the latter terminate in
eep cerebellar nuclei and vestibular nuclei. These obser-
ations together suggest the presence of many Purkinje
ells in the MEL clones.
The width of the MEL clones could cover from one-third to
ver one-half of the mediolateral extent of each hemicer-
bellum (Figs. 4A–4D and 4F–4I). On coronal sections taken
rom approximately the same area of the cerebellum of an-
ther embryo, the gene expression domains appeared as rela-
ively narrow sectors in the presumptive cerebellar cortex
Figs. 4E and 4J). This comparison suggested that the MEL
lones did not respect the parasagittal boundaries of gene
xpression domains. To address this issue more directly, we
ook advantage of our previous observation that some in-
ardly migrating granule cells form a series of parasagittal
inear arrays, the granule cell raphes, which coincide with the
oundaries between Purkinje cell domains of distinct gene
xpression profiles (Lin and Cepko, 1998). In essence, the
ranule cell raphes can be deemed surrogate markers for the
arasagittal boundaries of gene expression. The cerebellar EGL
nd the granule cell raphes could be visualized by staining
ith Pax-6 antibody following AP histochemistry for clonal
dentification (see Material and Methods; Fig. 5). Using this
ouble-staining procedure we were able to confirm directly
hat, from E8 to E12, many of the MEL clones indeed spanned
ne or more of the granule cell raphes and hence the parasag-
ttal boundaries of gene expression (Figs. 5A–5D). In summary,
he MEL clones exhibited a tendency to spread in the medio-
ateral dimension across the parasagittal boundaries of gene
xpression by E8–12.
Both Restricted Clones and Widespread Clones
Violate the Parasagittal Boundaries at E14–15
To further follow the patterns of clonal dispersion over
the course of development, nine CHAPOL-infected em-
bryos containing AP1 cells in the cerebellum were analyzed
at E14–15, when the cellular differentiation and tissue
architecture of the cerebellum are more advanced (Tables 1
and 2). Since further cell migration had occurred by this
time, individual cells could be picked for PCR analysis in
some cases. When subjected to PCR and sequencing analy-
sis for clonal identification, 30–40% of the individually
picked cells yielded a viral genome. In contrast, 60–70% of
picked clusters of cells yielded a viral genome upon PCR
analysis at this harvest point, consistent with the 60–70%
efficiency obtained at earlier harvests in which each pick
also contained a group of cells. The cerebella analyzed at
E14–15 contained cells often found in close proximity to
each other and/or in one hemicerebellum (Figs. 5E, 5F, 6).
s of reproduction in any form reserved.
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186 Lin and CepkoMost of the cells analyzed in each cerebellum shared the
same viral sequence (Table 2), suggesting that most of the
AP1 cells that did not yield the viral genome probably were
members of the same clone.
We observed clones with relatively limited mediolateral
spread as well as clones that spanned more widely (Tables 1
and 2). The clones with limited spread tended to form tight
parasagittal clusters in the developing cerebellar cortex.
They contained Bergmann glial cells, differentiating cells in
the inner granule layer, and migrating cells in the WM, as
well as the origin in the VZ (Figs. 5E and 5F and data not
shown). To determine whether these clones respected the
FIG. 4. Morphological characteristics of the MEL clones. Coronal
idline to the left (except in M). (A–D) and (F–I) are consecutive 60-mm
0 and 22, respectively (see Figs. 2D and 2E for the whole-mount pictu
rrowheads) in the medial half of the VZ of the fourth ventricle (IV), th
euronal processes running laterally (black arrows). The mediolateral
f EphA5 (E) and En-1 (J), analyzed by RNA in situ hybridization of co
ound in cerebellum 36 (E10) exhibited essentially the same morphol
xtension of radial glial fibers (white arrows), and some neuronal pro
igher power view of the framed area in K shows some AP1 cells w
resembling developing Purkinje cells. (M) The position and the morph
from those of the developing Purkinje cells. Multiple neuronal proc
cerebellum 25 are shown (black arrows). Abbreviation: IV, the fourthparasagittal gene expression domains, again we turned to
the granule cell raphes as a convenient marker for the
Copyright © 1999 by Academic Press. All rightoundaries between the parasagittal domains of Purkinje
ell gene expression. The granule cell raphes can be visual-
zed either by Pax-61 granule cell arrays or by calbindin2
gaps in the Purkinje cell layer (Lin and Cepko, 1998). Using
Pax-6 and calbindin antibodies, we found that even these
parasagittally deployed clones were not strictly confined to
a given parasagittal domain defined by the granule cell
raphes (Figs. 5E and 5F).
In contrast to the restricted clones described above that
appear to comprise only glia, the widespread clones were
found to contain Purkinje cells, glial cells, and cellular
clusters in or near the VZ, which presumably marked the
ons of the chick cerebella with dorsal to the top and the cerebellar
onal sections, from rostral to caudal, of the E9 MEL clone in cerebella
these clones). Each clone exhibited closely associated columns (black
iolateral extension of radial glial fibers (white arrows), and numerous
nt of these clones appeared to be wider than the expression domains
able 10-mm sections from another E9 cerebellum. (K) One MEL clone
l features, i.e., multiple medial VZ origins (black arrowheads), lateral
s primarily on adjacent sections (black arrow and not shown). (L) A
arge oval cell bodies (white arrowheads) and basal axonal processes,
of cerebellar deep nuclei neurons (black arrowhead) are very distinct
of presumptive developing Purkinje cells in a MEL clone found in
ricle.secti
cor
res of
e med
exte
mpar
ogica
cesse
ith l
ologyclonal origin (Fig. 6). Developing Purkinje cells can be
identified by virtue of their large oval cell bodies located in
s of reproduction in any form reserved.
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189Clonal Dispersion in Chick Cerebellumthe calbindin1 and Pax62 Purkinje cell layer (black arrows
n Figs. 6C–6L). The clonal origins (black arrowheads in
igs. 6B and 6H) were fairly close to the midline (red
rrowheads), reminiscent of the MEL clones observed at
8–12. Some cells appeared to be in the process of migra-
ion in the WM (white arrows in Figs. 6B, 6C, and 6H–6J)
nd they were likely to be the precursors giving rise to glia
nd presumably also the molecular layer interneurons
Zhang and Goldman, 1996). Some clonally related glial
ells had reached the forming cerebellar cortex (Figs. 6B,
H, and 6I). The entire mediolateral extent of these clones
panned more than one parasagittal domain as defined by
ranule cell raphes (red arrows in Figs. 6B–6L), also consis-
ent with the boundary violations by the MEL clones
bserved at earlier stages. Interestingly, many of the
lonally related Purkinje cells appeared to have moved
way from the clonal origin within the parasagittal plane
Fig. 6M). Due to the earlier migration in the mediolateral
irection, not all clonally related Purkinje cells resided
ithin a single parasagittal domain (black arrows in Figs.
D and 6F). Clones with Purkinje cells appeared to respect
he midline in that all clonally related Purkinje cells were
ound in only the hemicerebellum of their origin (Fig. 6M).
Overview of Clonal Analysis at E18 and in the
Posthatch Period
To examine the cerebellar VZ clones in the later period of
development, we injected CHAPOL into chick embryo
from stage 10 to stage 16 and harvested them from E18 to
P21 (Table 3). By this later stage of cerebellar development,
the AP1 cells exhibited characteristic morphologies which
allowed most cerebellar cell types to be recognized without
FIG. 6. Widespread clones comprising many Purkinje cells and
dispersion at E14–15. (A) A schematic diagram of a medial parasagi
by the Roman numerals (starting from rostral folium I to caudal fol
oronal sections of widespread clones found in cerebellum 54 (E14
B–G) Selected coronal sections of a widespread clone (54-1) found in
ections of a widespread clone (59-1) found in cerebellum 59 (E15) a
or AP histochemistry (in dark purple) and then with either calbind
gain, the parasagittal marker used here, the granule cell raphes, c
IGL or by CaBP2 gaps in the Purkinje cell layer (red arrows). The w
he VZ (black arrowheads), migrating cells in the WM (white arrow
urkinje cells had a large cell body in the Purkinje cell layer (mark
dentity of migrating cells in the WM could not be established at t
recursors for glia and molecular layer neurons. In fact, some of th
nd extended Bergmann glial processes toward the pial surface (do
lones was wider than several parasagittal domains defined by the g
rom the VZ cluster within a large parasagittal domain demarcated b
ound in neighboring parasagittal domains (black arrows in D, F). (M
ircle represents one AP1 Purkinje cell in the clone, with the filled
ircles cells that were not. The area shaded in the same color re
erebellar cortex. The position of the VZ origin of each clone, thou
lial cells, but was more medially located (for example, see B, C, and H
arasagittal plane and did not cross the midline (indicated by red arrow
Copyright © 1999 by Academic Press. All rightambiguity (Fig. 7). As was true for the tissues harvested at
E14–15, some AP1 cells were sufficiently removed from
other AP1 cells so that they could be picked and analyzed
individually for PCR. The analysis of individual Purkinje
cells yielded an overall success rate for the PCR and
sequencing of 32% (Table 3). Glial cells were frequently
clustered together (see below), so each pick of these cells
frequently contained several cell bodies. Thus the PCR
sequencing efficiency was higher for glia, at around 60–
70%. These results are consistent with those obtained for
the embryos analyzed at E14–15 (see above). In all, 72
distinct sequence tags (i.e., clones) were identified in 828
AP1 cell picks from nine cerebella (Tables 4 and 5). Four
erebella contained numerous AP1 cells scattered through-
out, which were thoroughly analyzed by PCR and sequenc-
ing of the viral genomes (Table 4). The other five cerebella
contained fewer AP1 cells, and these cells often were found
n close proximity to each other and/or in one hemicerebel-
um (Table 5). Most of the cells analyzed in each cerebellum
f the latter group shared the same viral sequence, sug-
esting that most of the AP1 cells that did not yield the
iral genome probably were also members of the same
lone. Thirty additional cerebella were infected with
HAPOL and harvested at E17–18, at which time the AP1
cells generally exhibited similar patterns of distribution to
those described below. These cerebella were not analyzed
further for viral genomes.
Multipotent Progenitors in the Cerebellum Can
Generate Purkinje Cells and Glial Cells
Several distinct cell types derived from the cerebellar VZ
were frequently found within the same clone. In particular,
eloping glial cells exhibit both mediolateral and anteroposterior
ection of an E15 chick cerebellum with the transverse folia labeled
X). Lines and letters in A indicate the rostrocaudal levels of 60-mm
st, shown in B–G) and cerebellum 59 (E15 harvest, shown in H–L).
bellum 54 (E14) at the levels indicated in A. (H–L) Selected coronal
levels indicated in A. The cerebellar sections were first processed
aBP) (C, D, G, H–L) or Pax-6 (B, E, F) antibody staining (in brown).
e visualized as Pax-61 cellular arrays connecting the EGL and the
pread clones consisted of cellular clusters in the medial portion of
nd many developing Purkinje cells (black arrows). The developing
calbindin) between the EGL and the IGL (marked by Pax-6). The
tage, but their location and morphology were consistent with the
ells were seen to have approached the developing cerebellar cortex
white arrows in B and I). The entire mediolateral extent of these
le cell raphes (red arrows in B–L). Many Purkinje cells spread away
e granule cell raphes (red arrows), but some Purkinje cells were also
e 2D schematic map for clones 54-1 (in red) and 59-1 (in blue). Each
les representing cells confirmed by PCR sequencing and the open
nts the position of clonally related developing glial cells in the
ot shown in M, was approximately at the same level as that of thedev
ttal s
ium
harve
cere
t the
in (C
an b
ides
s), a
ed by
his s
ese c
uble
ranu
y th
) Th
circ
prese
gh n). Note that clonally related Purkinje cells tended to spread in the
heads in B–L).
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190 Lin and Cepkoclones containing different combinations of Purkinje cells,
Bergmann glial cells, and astrocytes were observed (Tables 4
FIG. 7. Identification of CHAPOL-infected cerebellar cells at the
(A, B) Purkinje cells at P4 (A) and P7 (B). The black arrowheads indic
the axon of the labeled Purkinje cell. (C) Two neurons in a deep c
(F, G) Golgi type II neurons in the internal granule layer at P14. (H, I)
glial cells (red arrows), astrocytes in the internal granule layer (gree
Bergmann glial cells often extended their processes to the pial sur
arrowheads). Abbreviations: IGL, internal granule layer; ML, moleand 5). Although we also observed labeled Golgi type II
neurons and neurons of the molecular layer (basket and
c
n
Copyright © 1999 by Academic Press. All righttellate cells) (Figs. 7D–7G), the overall frequency of these
ells was much lower than those of Purkinje cells and glial
atch period by AP histochemistry on 60-mm parasagittal sections.
he cell bodies of Purkinje cells, and the black arrows in (B) indicate
llar nucleus at P14. (D, E) Neurons in the molecular layer at E14.
ters of glial cells in the cerebellar cortex at P7, including Bergmann
ows), and glial cells in the white matter (blue arrows). Developing
while retaining their cell bodies in the internal granule layer (red
layer; PCL, Purkinje cell layer; WM, white matter.posth
ate t
erebe
Clus
n arrells (Tables 4 and 5). It is possible that some Golgi type II
eurons and molecular layer neurons expressed a low level
s of reproduction in any form reserved.
t
P
r
P
a
9
c
o
191Clonal Dispersion in Chick Cerebellumof AP and therefore were not detected and analyzed, despite
an extended period of histochemical staining (see Material
and Methods). In addition, these cells, which were picked
individually, also yielded a low efficiency of PCR and
sequencing, similar to that of individually picked Purkinje
cells. For these reasons, it was difficult to analyze the lineal
relationships of Golgi type II neurons and molecular layer
neurons in this study. Thus we conducted a quantitative
analysis of clonal composition with respect to Purkinje
cells and glial cells. Among all Purkinje cell-containing
clones that consisted of at least two PCR1 cells, 67%
(12/18) included both Purkinje cells and glial cells. Since
the PCR and sequencing efficiency for individual Purkinje
cells was only 32%, the actual prevalence of mixed Purkinje
cell–glia clones may be higher. These data indicate the
existence of multipotent progenitors in the chick cerebel-
lum around stages 10–16 that give rise to both Purkinje
cells and glial cells.
Clonally Related Glial Cells Form Parasagittal
Clusters, while Clonally Related Purkinje Cells
Scatter Extensively in the Parasagittal Direction
Many clones analyzed at the late embryonic and post-
hatch period contained Bergmann glial cells and astrocytes.
These clones ranged in size from tens to hundreds of glial
cells per clone (Figs. 7 and 8; Tables 4 and 5). These clonally
related glial cells were so close together and the AP histo-
chemical product so densely deposited that the exact num-
ber of cells in these clusters could not be determined. When
clonally related Purkinje cells were present, they could be
found either in the general vicinity of, or very far from, the
glial cells (see below). While smaller glia-containing clones
formed tight radial clusters, the larger glia-containing
clones tended to form parasagittal clusters based upon
inspection of both serial sections (Figs. 8A–8Q) and whole-
mount preparations (Figs. 8R– 8T). Among all glia-
containing clones sequenced (n 5 33), only one glial clone
was found that was split into two parallel parasagittal
clusters (the clone marked by magenta arrows in Figs.
8C–8K). Some of the E18 glial clones contained siblings
scattered in the white matter and the VZ of the fourth
ventricle. The sibling cells in the VZ (the blue arrow in Fig.
8M and the black arrowhead in Fig. 8N) appeared to mark
the clonal origin and those in the white matter most likely
reflect the migratory path of these glial clones (black arrow
in Fig. 8N). No glial cells in the VZ or migrating cells in the
white matter were found in glial clones harvested at P14 or
P21 (not shown), suggesting that all surviving sibling cells
eventually migrate to the cerebellar cortex to join the
parasagittal glial clusters.
In contrast to the glial cells, clonally related Purkinje
cells were generally scattered. The spatial dispersion of
clonally related Purkinje cells was analyzed by mapping
Purkinje cell-containing clones onto a 2D representation of
the chick cerebellum (Fig. 9). This analysis revealed that
clonally related Purkinje cells dispersed extensively along
Copyright © 1999 by Academic Press. All righthe A–P axis (i.e., within the parasagittal plane). The largest
urkinje cell-containing clones spanned almost the entire
ostrocaudal extent of the cerebellum (Fig. 9A). Smaller
urkinje cell-containing clones also spread over a consider-
ble distance rostrocaudally but not mediolaterally (Fig.
B). Consistent with the clones observed at earlier harvests,
lonally related Purkinje cells were found to be restricted to
nly one hemicerebellum.
DISCUSSION
A Biphasic Dispersion Model for the Cerebellar
VZ-Derived Clones
To study the expansion and dispersion of clones in the
developing cerebellum, we infected chick cerebellar VZ
progenitors with a complex retroviral library primarily
between stages 10 and 12. Retrovirally labeled clones were
analyzed at discrete time points later during development.
A subset of the clones observed between E8 and E12,
typically with a medial origin, appeared to contain a large
number of immature Purkinje cells. They tended to spread
mediolaterally, and thus we have called them MEL clones.
At E14–15, clones with a wide distribution that contained
many Purkinje cells were observed. Interestingly, the
clonally related Purkinje cells were distributed primarily in
a parasagittal fashion with moderate mediolateral spread.
By E18 or later, clonally related Purkinje cells could span
the entire A–P axis of the cerebellum. Since virtually all
Purkinje cells are generated before E7 (Kanemitsu and
Kobayashi,1988) and the only clones that appeared to con-
tain many Purkinje cells between E8 and E12 were the MEL
clones, the MEL clones probably give rise to the widespread,
Purkinje cell-containing clones observed at the later stages.
Therefore, about one-third of the VZ-derived clones must
undergo a two-step expansion and dispersion during cer-
ebellar development (Fig. 10). Before E8, the VZ clones with
a medial origin preferentially expand and deviate in the
mediolateral direction, generating the early MEL clones.
Subsequently, Purkinje cells derived from the MEL clones
move in the anteroposterior direction over considerable
distances such that the mature clones span nearly all of the
folia of the cerebellum. In contrast, clones with a posterior
or lateral origin primarily migrate radially early and in the
anteroposterior direction later. Why clones originating in
different areas show such a difference in the early disper-
sion is not known, but it may in part reflect the distinct
paths of radial glia fibers in each region (see below). Alter-
natively, it may reflect the distinct pattern of tissue growth
of the cerebellum, with the medial areas tending to expand
more than the lateral areas.
Our findings are consistent with those of Otero et al.
(1993), who used the chick–quail chimera technique to
study the distribution of descendants from grafts of portions
of the cerebellar anlage. They found that Purkinje cells
derived from the grafts had a propensity to extend in the
anteroposterior dimension. Similarly, Mathis et al. (1997)
s of reproduction in any form reserved.
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193Clonal Dispersion in Chick Cerebellumshowed that lacZ neuronal clones containing Purkinje cells
often spanned the entire anteroposterior extent of the
mouse cerebellum. Having confirmed that clonally related
Purkinje cells can end up in disparate locations along the
A–P axis of the cerebellum, we sought to extend these
results by examining the early dispersion of the VZ clones
during embryogenesis. Our analysis revealed an unexpected
pattern of clonal dispersion: some clones appeared to ex-
pand first in the mediolateral direction and then in the
anteroposterior direction. Since this model of biphasic
clonal dispersion is deduced from a serial analysis of static
clones, confirmation will require a technique such as live
labeling and imaging to visualize the dispersion of cerebel-
lar VZ clones in situ over time.
What are the likely cellular mechanisms that underlie
hese distinct phases of clonal dispersion in the chick
erebellum? In the mammalian cerebral cortex, for in-
tance, the movement of cells from the VZ toward the
ortical plate can proceed initially through radial migration
long radial glial fibers, followed by tangential migration
ndependent of the radial glial fibers (reviewed by Cepko et
l., 1997). By analogy, the early phase of mediolateral spread
f the MEL clones may be attributed, at least in part, to the
ivergent mediolateral curvature of the radial glial fibers in
he medial portion of the developing cerebellum. It is
nteresting that these radial glial fibers diverge specifically
n the mediolateral plane. The later parasagittal dispersion
f Purkinje cells, apparently independent of the radial glia
bers, could reflect a specific restriction to mediolateral
igration due to the acquisition of positional identity by
aturing Purkinje cells as they approach the cerebellar
ortex. Alternatively, or additionally, it could reflect me-
hanical constraints to mediolateral movement imposed by
ifferential adhesive properties. For example, several mem-
ers of the cadherin family were found to be expressed in
lternating parasagittal domains in the chick cerebellum
ransiently around E11–12 (Arndt et al., 1998). Since cad-
erins are known to mediate homophilic cell–cell interac-
ions, these molecules may confer specific adhesive proper-
ies to each domain such that Purkinje cells are restrained
rom crossing parasagittal boundaries in the cerebellar cor-
ex after E8. Future experiments aimed at perturbing the
unction of such molecules will be required in order to test
his possibility.
FIG. 8. Clonally related glial cells form parasagittal clusters in th
erebellum 63 in a series of 60-mm coronal sections, with each
sequencing is marked by arrows of the same color. The clone mark
The clone marked by blue arrows (clone 63-G2) contained a single
white matter (L) and adjacent to the fourth ventricle (labeled IV in
coronal sections selected from cerebellum 64 (clone 64-G2, Table
sections that are shown. This glial clone contained siblings in the
the clonal origin. Abbreviation: IV, the fourth ventricle. (R–T) Parasa
cerebella infected with CHAPOL, visualized by whole-mount AP his
histological analysis (not shown).
Copyright © 1999 by Academic Press. All rightParasagittal Domains of the Cerebellum Are Not
Generated by Lineage-Restriction Compartments
in the VZ
The embryonic cerebellum exhibits parasagittal expres-
sion patterns of homologs of Drosophila segmentation
genes, raising the possibility that each parasagittal domain
might be a lineage-restriction compartment (Millen et al.,
1995). Compartments of lineage restriction are involved in
the patterning of other developmental systems, such as the
Drosophila embryo and the vertebrate hindbrain. The
clonal compartments in these systems share the following
characteristics: (1) when labeled prior to the formation of
compartments, clones tend to expand in all directions
irrespective of the compartmental boundaries; (2) when
labeled after the compartments are established, most if not
all of the clones respect the compartmental boundaries; (3)
if a clone happens to be located near a compartmental
boundary, the clone typically exhibits a very sharp border
conforming to the boundary, while exhibiting a fuzzy or
zigzag border in the directions facing away the boundary;
and (4) the compartmental boundaries usually are sites of
morphological constriction as well as boundaries of gene
expression domains (Crick and Lawrence, 1975; Fraser et
al., 1990; Lumsden and Krumlauf, 1996; Lawrence and
Struhl, 1996). The data presented here can be evaluated
with respect to these characteristics.
If the MEL clones, labeled between stages 10 and 12, were
labeled prior to the formation of clonal compartments, they
might have been predicted to have dispersed in all direc-
tions. Contrary to this expectation, the MEL clones dis-
persed away from the clonal origins specifically in the
mediolateral direction from E8 to E12, when there was still
ample room for parasagittal dispersion. As noted above, this
predilection of clonal spread may simply reflect the peculiar
curvature of the radial glial fibers.
If the MEL clones were labeled after formation of clonal
compartments, they would be predicted to exhibit a sharp
border on the side facing the clonal boundary. Since each of
the parasagittal domains of gene expression is relatively
narrow and since the MEL clones frequently encompass
multiple domains of gene expression (Figs. 2, 3, and 5),
evidently it is difficult to assume that the MEL clones were
labeled after the putative clonal boundaries had formed.
ebellar cortex. (A–M) Several parasagittal glial clones identified in
on 120 mm from the others shown. Each clone defined by PCR
magenta arrows (clone 63-G1) included two parallel glial clusters.
sagittal glial cluster in the cerebellar cortex, as well as cells in the
(N–Q) Another parasagittal glial clone found in a series of 60-mm
with each section being separated 240 mm from the neighboring
e matter extending to the VZ (black arrowhead in N), presumably
l arrangement of clonally related glial clusters as observed in intacte cer
secti
ed by
para
M).
3),
whit
gittatochemistry. Glial cell identities were confirmed by subsequent
s of reproduction in any form reserved.
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194 Lin and CepkoFIG. 9. Clonally related Purkinje cells in the mature cerebellum are scattered widely across the entire anteroposterior axis of the
cerebellum. (A) 2D representation of clones containing many Purkinje cells. Each circle, filled or open, represents an AP1 Purkinje cell
xcept for the single circle marked by GII, which represents a Golgi type II neuron. Filled circles represent cells that could be assigned to
clone because the PCR analysis of the viral genome yielded a product that was successfully sequenced, while the open circles represent
ells that failed to yield a PCR product. Circles in the right hemicerebellum represent all labeled cells in cerebellum 68 (see Tables 3 and
), while circles in the left hemicerebellum represent all labeled cells found in cerebellum 69 (see Tables 3 and 5). The blue-shaded area in
he right hemicerebellum represents an area where glial clusters were found in cerebellum 68 (see Table 5). Due to a low efficiency (;32%)
f clonal assignment by PCR and sequencing of the viral genome tags for individually picked cells, not all cells picked could be assigned
o a clone. However, since all amplified cells in 68 belonged to the same clone (blue filled circles), it is likely that most of the cells that
ailed to amplify belong to the same clone (blue open circles). Similarly, the majority of PCR1 cells in 69 belonged to the same clone (red
filled circles), while three individual Purkinje cells each yielded a distinct sequence (three black symbols in the left hemicerebellum). (B)
2D representation of clones in the mature cerebellum that contained fewer than 10 Purkinje cells. A circle represents a Purkinje cell unless
otherwise indicated by “GII” or “ML” (molecular layer neuron). As many glial cells are frequently present in a clone, they are represented
by a shaded area indicated by “Glia”. Filled circles represent cells that could be assigned to a clone by PCR and sequencing of the viral
genome tags. All filled circles of the same color belong to the same clone because the PCR products yielded an identical sequence. The open
circles represent cells that failed to yield a PCR product. Red circles, open or filled, represent all of the labeled cells observed in cerebellum
61 (Tables 3 and 5). Purple circles, open or filled, represent all of the labeled cells found in cerebellum 62 (Tables 3 and 5). Because of the
limited number of labeled cells in 61 and 62, the cells that failed to yield a PCR product were very likely siblings of those that did yield
a PCR product and thus are coded with the same color (i.e., clonally related). Other clones (black, blue, dark blue, green, orange, and
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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195Clonal Dispersion in Chick CerebellumThe only somewhat sharp boundary reproducibly observed
was the midline. This apparent restriction may be simply
due to the fact that the CHAPOL viruses were introduced at
stages 10–12 (;E2), but the two hemicerebella do not fuse
until around E8.
We observed one instance of a glial clone splitting into
two separate narrow parasagittal clusters on their way to
the cerebellar cortex (Figs. 8A–8K). Such clonal splitting in
the white matter argues against the existence of multiple,
narrowly spaced, parasagittal clonal compartments origi-
nating in the cerebellar VZ, but perhaps in the forming
cerebellar cortex. However, we also have found several
instances of narrow parasagittal clones either crossing a
granule cell raphe or intruding into one (Figs. 5E and 5F).
These observations indicate that, despite the appearance as
narrow parasagittal clusters, these clones did not necessar-
ily respect the parasagittal domains defined by the granule
cell raphes (Lin and Cepko, 1998).
What of the morphological constrictions and gene
expression domains that frequently correlate with com-
partment boundaries? Although the chick cerebellar VZ
exhibits one or two indentations in each hemicerebel-
lum, it does not have a series of parasagittally aligned
constrictions corresponding to gene expression domains,
as observed in the hindbrain (e.g., see Figs. 1 and 4;
Lumsden and Krumlauf, 1996). In fact, it is very impor-
tant to note that the parasagittal domains of gene expres-
sion in the developing cerebellum are confined to the
developing cerebellar cortex, with no continuity with the
cerebellar VZ (e.g., see Figs. 4E and 4J). In contrast, the
segmental domains of gene expression in the hindbrain
always include the VZ. The stripe-like expression pat-
terns of segmentation gene homologs in the developing
cerebellar cortex, along with the parasagittal dispersion
of the VZ-derived clones when they were observed to be
approaching the developing cerebellar cortex, are consis-
tent with the notion that the prospective cerebellar
cortex, rather than the cerebellar VZ region, is likely to
be the critical site of parasagittal patterning activity.
These considerations together suggest that the cerebellar
magenta circles) were found in cerebella harboring scattered labele
dispersion of these Purkinje cell-containing clones, therefore, could
could be positively defined by PCR and sequencing analysis for vir
either very close to each other (67-PG1 in dark blue, 67-PG2 in ora
to disperse rostrocaudally rather than mediolaterally.
FIG. 10. A model of dispersion for cerebellar clones with VZ orig
D) of chick cerebellum at E8 (A, C) and E14 (B, D). In (A) and (B),
the blue arrows represent a hypothetical clone with a lateral origin
medial clone, the blue dots that of a hypothetical lateral clone, an
dispersion. The black arrows in B represent the granule cell raphes
clones with a medial origin (in red) first expand preferentially in th
in A). Subsequently, clonally related Purkinje cells move farther in
across many folia (D). Clones with a lateral and posterior origin (in blue
they also tend to spread in the parasagittal plane (B and D).
Copyright © 1999 by Academic Press. All rightZ is not partitioned into parasagittal domains whose
oundaries represent restriction to cellular movement. The
mbryonic expression of Drosophila segmentation gene
omologs in parasagittal stripes (Millen et al., 1995; Lin and
epko, 1998) probably does not reflect the conservation of a
egmentation mechanism in the development of the cere-
ellum and the Drosophila embryo in a strict sense, but
ost likely contributes to cerebellar patterning in some
ther ways. For example, these genes may regulate the
xpression and/or activity of cell adhesion molecules (e.g.,
adherins) and other cell surface receptors (e.g., Eph recep-
ors) in Purkinje cells as well as other cells of the developing
erebellar cortex. However, if one were to extend the
oncept of compartments to the later boundaries of gene
xpression encountered by migrating and maturing neurons
hat confined their movements to within parasagittal do-
ains, then one might entertain the idea that the develop-
ng cerebellar cortex, but not the cerebellar VZ, comprises
ompartments.
An important issue in vertebrate CNS development has
een whether the formation of lineage restriction com-
artments is a unique phenomenon, found only in the
indbrain, or whether this kind of developmental mecha-
ism is specifically associated with (or required for) the
eneration of certain types of neural circuitry. It is clear
hat a lineally based restriction to the movement of
iblings across functional domains does not occur every-
here, as previous studies showed that forebrain clones
requently span several distinct functional areas (Golden
nd Cepko, 1996; Golden et al., 1997; Szele and Cepko,
996, 1998; Walsh and Cepko, 1992, 1993). However, the
natomical structures of the telencephalon vary greatly
mong vertebrates. In addition, the developing forebrain
xhibits discrete domains, but not reiterative patterns, of
ene expression. Therefore, it may not be surprising that
he subdivision of the forebrain is based on principles
hat do not rely upon lineage-restriction compartments
hat emanate from the VZ. Here we have shown that,
espite its partial origin from the hindbrain and the
eiterative patterns of gene expression, the parasagittal
ls of several clones throughout (Tables 3 and 4). The full extent of
be ascertained, and we show only those cells whose clonal identity
nome tags. Clonally related Purkinje cells and glia can be located
or very far apart (66-PG1 in green). In general, these clones tended
chematic diagrams of coronal sections (A, B) and dorsal views (C,
d arrows represent a hypothetical clone with a medial origin and
) and (D), the red dots represent the distribution of a hypothetical
red and blue arrows indicate their respective directions of clonal
ch correspond to the parasagittal gene expression boundaries. The
diolateral direction to generate the MEL clones by E8 (red arrows
parasagittal plane by E14 (B) and eventually they can span widelyd cel
not
al ge
nge)
ins. S
the re
. In (C
d the
, whi
e me
the) do not spread as far mediolaterally (blue arrows in A and B), but
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196 Lin and Cepkosubdivision of the cerebellum is not based on lineage
restriction compartments in the VZ while there may be
certain restriction in the developing cerebellar cortex.
Thus the hindbrain remains the only known CNS region
whose subdivision is based on lineage restriction com-
partments extending from the VZ.
Purkinje Cells Are Generated from Multipotent
Progenitors in the Cerebellar VZ
In addition to charting the patterns of clonal disper-
sion, the clonal analysis allowed for a resolution of the
question of the lineal relationships among the different
cell types in the cerebellum. Several methods have been
used to trace cell fates and study lineage relationships
during cerebellar development, such as the chick– quail
chimera method, techniques using mouse chimeras, and
the retroviral marking technique. Those previous studies
revealed that the cerebellar granule cells constitute a
distinct lineage separated from all the other types of
cerebellar cells (Alder et al., 1996; Zhang and Goldman,
1996). In a recent study, LacZ1 neuronal clones generated
hrough intragenic recombination events in the mouse
erebellum were found to contain different neuronal
ypes, including Purkinje cells, Golgi type II neurons, and
olecular layer neurons (Mathis et al., 1997). Since this
tudy used the neuron-specific enolase promoter to drive
he expression of the reporter gene, glial cells were not
abeled in these animals and lineal relationships between
eurons and glia could not be studied. Here we show that,
n addition to neurons, the cerebellar VZ clones can also
ontain glial cells, such as astrocytes and Bergmann glia
f the cerebellar cortex. These data, taken together,
uggest that the cerebellar VZ progenitors are capable of
enerating essentially all types of cerebellar cells except
ranule cells. Therefore, the progenitors in the cerebellar
Z are multipotent progenitor cells, similar to those
ound in other parts of the CNS (Cepko et al., 1997).
Concluding Remarks
In summary, using retroviral clonal analysis, we have
shown the presence of multipotent progenitor cells in the
cerebellar VZ that give rise to both neurons and glia. We
have also shown that cerebellar VZ clones with a medial
origin expand and disperse in a biphasic manner, first in the
mediolateral plane and then in the anteroposterior plane.
These clones traverse the parasagittal boundaries of gene
expression during the first phase of clonal dispersion, sug-
gesting that, unlike the posterior hindbrain region, the
cerebellar VZ is not organized as lineage restriction com-
partments corresponding to the parasagittal gene expression
domains.
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